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The clinical utility of exercise thallium-WI single photon
emission computed tomography was investigated in 360
consecutive patients who had concomitant coronary arteri-
ography. Tomographic images were assessed visually and
from computer-quantified polar maps. Sensitivity for de-
tecting coronary artery disease was comparably high using
quantitative and visual analysis, although specificity tended
to improve using the former method (87% versus 76%, p =
0.09). Quantitative analysis was superior to the visual
method for identifying left anterior descending (81 % versus
68%, p < 0.05) and circumflex coronary artery (77%
versus 60%, p < 0.05) stenoses and detected most patients
(92%) with multivessel coronary artery disease. Multivessel
involvement was correctly predicted in 65% of the patients
with more than one critically stenosed vessel.
Exercise variables in patients with significant coronary
artery disease were similar whether the tomographic im-
ages were normal or abnormal. Howrver, patients with
coronary stenoses and normal versus abnormal tomograms
The clinical utility of thallium-201 planar myocardial perfu-
sion scintigraphy has been widely recognized (1-8). Planar
imaging, however, has suboptimal diagnostic accuracy
(2,3,5,8) and significant interobserver variability (9,10). Im-
proved detection of ischemic heart disease has been possible
using computer quantification of the myocardial thallium-20l
distribution (11-14), but this approach does not circumvent
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had a trend toward more single vessel disease (79% versus
62%, p = 0.07) and moderate coronary stenosis (66%
versus 28%, p < 0.001), but had less proximal left anterior
descending artery involvement (8% versus 34%, p =0.05).
Computer-quantified perfusion defect size was directly re-
lated to the extent of coronary artery disease. Intra- and
interobserver agreement for quantifying defects were excel-
lent (r =0.98 and 0.97, respectively).
In conclusion, quantitative thallium-2Ot tomography
offers improved detection of coronary artery disease, local-
ization of the anatomic site of coronary stenosis, prediction
of multivessel involvement and accurate determination of
perfusion defect size, while maintaining a high specificity.
Quantification of perfusion defects with single photon to-
mography may become important for assessing the effects
of coronary reperfusion and prognostically stratifying pa-
tients with coronary artery disease.
(J Am Coll CardioI1990,'15:318-29)
the most important problem of planar imaging, namely, the
superimposition of normally and abnormally perfused myo-
cardium. Single photon emission computed tomography, an
inherently three-dimensional technique, has the potential to
overcome this limitation of planar scintigraphy. Recent
reports have clearly demonstrated an improved detection of
ischemic heart disease by computed tomography (15-18),
but often with sacrifice of specificity (18). Refinements in
algorithms for tomographic quantification of myocardial
perfusion, previously validated in our laboratory, have led to
an enhanced sensitivity for diagnosing coronary artery dis-
ease while maintaining high specificity (19,20).
Accordingly, we undertook a large prospective study
using these improved algorithms to further evaluate the
clinical utility of both visual and quantitative analysis of
thallium-201 single photon emission computed tomography
in detecting the presence and predicting the extent of isch-
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emic heart disease as compared with data obtained from
coronary arteriography.
Methods
Study patients. The study group consisted of 360 consec-
utive patients (267 men and 93 women, mean age 56 ± 10
years) referred for thallium-201 exercise scintigraphy who
also had coronary arteriography in close temporal relation to
the scintigrams. Coronary angiography was performed 5.1 ±
7.8 days before tomography in 121 patients and 2.8 ± 10.3
days after tomography in 239 patients. Patients with a prior
history of coronary artery bypass surgery or percutaneous
transluminal coronary angioplasty were excluded.
The most common reasons for performing tomography
were as follows: to assess patients with chest pain (31%),
perform risk stratification after myocardial infarction (21%),
determine the functional significance of coronary stenosis
after cardiac catheterization (13%), screen patients for cor-
onary artery disease (7%) and determine the significance of
an abnormal electrocardiographic (ECG) treadmill test (6%).
Most patients had a history of chest pain (67%), either
typical (50%) or atypical (17%) for angina. Less common
symptoms were dyspnea (8%), palpitation (3%) and dizzi-
ness (2%); 18% of the patients were entirely asymptomatic.
Most patients (68%) were taking some form of oral
antianginal medication at the time of tomographic imaging:
a calcium channel blocker in 151 (42%), nitrates in 117 (32%)
and a beta-adrenergic blocker in 93 (26%). Importantly, 138
patients (38%) were taking at least one oral antianginal
medication and 106 patients (29%) were taking two or more
of these agents. Two hundred four patients (57%) lacked
historical and ECG (pathologic Q waves in appropriate
leads) evidence of prior myocardial infarction, whereas 79
patients (22%) had infarction by both criteria. The latter
patients did not undergo imaging until several weeks (mean
39 ± 37 days) after infarction. In the remaining 77 patients
(21%), infarction was questionable because they met either
historical (n = 66) or ECG (n = 11) criteria, but not both.
Exercise protocol. All patients underwent symptom-
limited treadmill exercise using the Bruce protocol. Blood
pressure, heart rate and a 12 lead ECG were recorded at 1
min intervals; the latter was monitored continuously
throughout the study. An ischemic ECG response was
considered present if ;::: 1 mm horizontal or downsloping ST
segment depression occurred, measured at 0.08 s after the J
point. Criteria used for early termination of exercise were a
hypotensive response, marked (;:::3 mm) ST segment depres-
sion or the onset of ventricular tachycardia. At peak exer-
cise, 3 mCi of thallium-201 was injected intravenously and
flushed with a saline solution. The patients were then en-
couraged to exercise an additional 30 to 60 s after the
radionuclide injection.
Analysis of exercise electrocardiograms. To develop a
composite score for evaluating the severity of ischemic ECG
changes during exercise, four variables were analyzed: 1) the
development of ischemic (;::: 1 mm) ST segment depression;
2) the time elapsed from the beginning of exercise until an
ischemic response (:53 versus >3 min); 3) the recovery time
after termination of exercise for ST normalization (>3 ver-
sus :53 min); and 4) the number of leads involved (>3 versus
:53). Variables were scored as either 0 or 1, with a maximal
value of 4 indicating a strongly positive ECG for ischemia.
Single photon emission computed tomography. Imaging
began 5 min after termination of exercise, using a large field
of view, single crystal, rotating gamma camera (ADAC ARC
3000-3300) equipped with a high resolution, parallel hole
collimator with a septal length and thickness of 33 and 0.15
mm, respectively. Image acquisition was performed over an
180° arc from the 45° left posterior oblique to the 45° right
anterior oblique position, at 6° intervals and for 40 s per
image. Images were stored on a 2 gigabyte laser disk for
analysis.
Transaxial reconstruction used a back projection tech-
nique with a Butterworth (order: 5) high pass filter with a low
pass window at a 50% cutoff. Reconstructed tomographic
slices of6 mm thickness were then reoriented in the standard
short, horizontal long and vertical long axes for visual and
quantitative analysis. Redistribution images were obtained
4 h after exercise.
Visual analysis of tomographic slices. Visual assessment
of the tomographic slices was performed by one experienced
investigator who did not know the rest and exercise ECG
data or coronary angiographic results. Slices were displayed
sequentially in all three cardiac planes to assess perfusion
defects in each vascular territory. Perfusion defects were
analyzed for the presence of complete, partial or no redis-
tribution 4 h after thallium-201 injection. The vascular terri-
tories of the three major coronary arteries were assigned as
follows: the anteroseptal, anterior and anterolateral walls to
the left anterior descending coronary artery; the inferior,
posterior and posteroseptal walls to the right coronary artery
and the lateral and posterolateral walls to the circumflex
coronary artery. Perfusion defects were not categorized
according to whether the right or circumflex coronary artery
was dominant. Rather, a significant stenosis proximal to or
in the posterior descending artery was expected to cause a
perfusion defect in at least the inferior or the posterior wall,
or both. Pure apical defects were considered abnormal, but
were not assigned to any individual coronary vessel.
Computer quantification of tomographic images. Thal-
lium-201 tomographic images were quantified using a
computerized two-dimensional polar map of the three-
dimensional myocardial radionuclide activity (16,17). The
maps were generated through use of a circumferential profile
analysis whereby pixel count activity from the center to the
outer boundary of each short-axis slice was determined
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along radians spaced at 6° intervals over 360°. The count
activity for each 6° radian was determined as the maximal 3
pixel average along the radian, which was then normalized to
the 3 consecutive pixels with the highest average activity
within the slice. Individual slices from cardiac apex to base
were displayed in the polar map as concentric rings from the
center to the periphery of the map. Left ventricular apical
limits were defined from the short- and vertical long-axis
slices and displayed in the center of the polar map.
The map 0/each patient was statistically compared with
a normal data bank previously generated in our laboratory.
The normal data bank consisted of 50 individuals (23 men
and 27 women with a mean age of 50 years [range 26 to 69]).
Some had normal coronary arteriograms, but all were at low
risk «2% likelihood) for having coronary artery disease in
that they had nonanginal chest pain, no prior cardiovascular
history, a normal ECG at rest, achievement of >85% of their
predicted heart rate on stress ECG without development of
ischemic changes or angina, and fewer than three cardiac
risk factors. The normal data bank thus represented a
homogeneous group of patients. A pixel in a patient's polar
map was considered abnormal if its count activity was>2.5
SD below the mean count for the corresponding pixel in the
normal data bank. Quantitative thallium-201 tomographic
defect size was then expressed as the percent of abnormal
pixels in the total polar map.
Designation 0/ individual coronary vascular territories
was identical to that used/or visual analysis o/tomographic
slices. As a result of overlap in boundaries between vascular
territories, focal perfusion defects that occurred predomi-
nantly in one vascular region but extended only partially into
another adjacent territory were considered to represent
single vessel stenosis.
A patient's polar map was considered abnormal if a ~3%
focal perfusion defect was found within a given vascular
territory. Intra- and interobserver variability (assessed by
one and two investigators, respectively) for computer-
generation of the polar maps and determination of perfusion
defect size were analyzed in a representative subgroup of 30
patients randomly chosen from the total group. Measure-
ments were repeated without knowledge of previous findings
1 to 2 months after the original measurements.
The quantitative polar maps were used to assess the
presence and extent 0/ coronary artery disease. The occur-
rence of redistribution, however, was determined primarily
from the visual analysis of the individual tomographic slices.
This procedure was necessary because the normal data bank
redistribution and washout counts were based on a group
that achieved maximal exercise and, therefore, could not be
properly applied to many of our patients who achieved
<85% of their predicted heart rate and consequently might
have had different thallium-201 washout rates (21).
Coronary angiography. Selective coronary cineangiogra-
phy was performed in multiple views using standard tech-
niques. Coronary stenoses were measured with calipers by
an experienced angiographer and expressed as percent lumi-
nal diameter stenosis. Stenosis severity was graded in the
following manner: normal (=:;25% stenosis), insignificant
(26% to 50% stenosis), moderate (51% to 69% stenosis) and
severe (~70% stenosis).
Statistical analysis. Sensitivity was defined as the number
of true positive scans x 100 divided by the true positive +
the false negative scans. Specificity was defined as the
number of true negative scans x 100 divided by the true
negative + the false positive scans. The positive predictive
value was defined as the number oftrue positive scans x 100
divided by the total number of positive scans. The negative
predictive value was defined as the number of true negative
scans x 100 divided by the total number of negative scans.
The overall predictive accuracy was defined as the true
positive scans + the true negative scans x 100 divided by the
total number of scans.
Exercise variables in normal subjects and patients with
coronary artery disease were compared using unpaired t
tests. When a normal distribution was not present, the
Wilcoxon rank-sum test was used. All comparisons of sen-
sitivity and specificity were done using chi-square analysis,
as was analysis of redistribution in perfusion defects among
patients with and without infarction. Linear regression anal-
ysis was used to compare perfusion defect sizes calculated
twice by the same (intraobserver variability) or by two
different (interobserver variability) investigators. Paired t
tests were used to determine whether a statistical difference
existed between the inter- and intraobserver values of per-
fusion defect size. The Wilcoxon rank-sum test was used to
statistically compare perfusion defect sizes in patients with
coronary artery disease of variable extent.
To assess which clinical, exercise and angiographic var-
iables best predicted an abnormal tomogram and which
clinical, exercise and tomographic variables best predicted
the presence of significant coronary stenosis, we performed
univariate and stepwise regression analyses in patients with-
out prior infarction. The F test results and corresponding p
values are reported. Data are expressed as mean values ±
SD. A P value <0.05 was considered significant.
Results
Coronary angiographic results. Of the 360 patients stud-
ied, 221 had >50% luminal diameter stenosis in at least one
coronary vessel; 142 (64%) of these had single vessel in-
volvement, 66 (30%) had double vessel involvement and 13
(6%) had triple vessel involvement. Fifty patients had mod-
erate and 171 had severe coronary artery stenosis (as defined
under Methods). Seventy-five patients had normal coronary
arteries, whereas 64 had insignificant coronary artery dis-
ease. Individual vessel analysis demonstrated 101 vessels
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Table 1. Treadmill Exercise Results
Patients With Coronary Artery Disease
Normal
Myocardial Infarction Quantitative SPECT
Patients Total Absent Present Questionable Normal Abnormal
(n = 75) (n = 221) (n = 86) (n = 74) (n = 61) (n = 29) (n = 192)
Exercise time (min) 8.1 ± 2.9* 7.0 ± 2.3 7.4 ± 2.3t 6.6 ± 2.4 6.9 ± 2.2 6.6 ± 2.2 7.1 ± 2.3
Heart rate (beats/min) 155 ± 23* 139 ± 22 142 ± 23t 138 ± 20 138 ± 22 140 ± 23 139 ± 22
%target heart rate 90 ± 11* 83 ± 12 85 ± 12t 81 ± 12 83 ± 13 86 ± 11 83 ± 13
Systolic blood pressure 160 ± 25 160 ± 25 165 ± 26t 153 ± 21 158 ± 25 169±m 158 ± 25
(mmHg)
Diastolic blood pressure 86 ± 18 86 ± 15 89 ± 15 85 ± 16 84 ± 14 91 ± 16 86 ± 15
(mmHg)
Rate-pressure product 25,083 ± 5,918* 22,405 ± 5,598 23,531 ± 5,645t 21,157 ± 4,895 22,065 ± 5,857 23,869 ± 5,919 22,183 ± 5,530
(HR x SBP)
*p < 0.05 normal vs. total patients with coronary artery disease; tp < 0.01 no myocardial infarction vs. patients with myocardial infarction; tp < 0.05 patients
with normal vs. abnormal quantitative SPECT. HR = heart rate; SBP = systolic blood pressure; SPECT = single photon emission computed tomography.
with 51% to 69% stenosis and 212 vessels with ~70%
stenosis.
Treadmill exercise results (Table 1). The subjects with
normal coronary arteries performed longer on the treadmill
and reached a higher heart rate and double (rate-pressure)
product than did patients with coronary artery disease.
Likewise, the patients without prior myocardial infarction
had better exercise performance than did those with infarc-
tion.
Detection of coronary artery disease assessed by quantita-
tive and visual tomography (Tables 2 to 6). The sensitivity for
detecting the presence ofcoronary artery disease was similar
(87%) using quantitative and visual analysis of single photon
tomography (Table 2). The sensitivity was also similar for
both methods when patients were analyzed with regard to
the severity of coronary stenosis (>50% versus ~70%) and
the presence or absence of myocardial infarction. Sensitivity
improved with increasing severity of stenosis in all sub-
groups except those with prior infarction. However, with
either method of tomographic analysis, sensitivity was sig-
nificantly higher in patients with than in those without
Table 2. Sensitivity of Thallium-201 Single Photon Emission
Computed Tomography for Detecting Patients With Coronary
Artery Disease
infarction at all levels of stenosis severity. Nearly all indi-
viduals with infarction were correctly identified by thallium-
201 tomography. Despite this high sensitivity, specificity
was maintained with both methods of tomographic analysis
(Table 3), although there was a trend toward higher speci-
ficity (p = 0.09) using the quantitative as compared with the
visual method.
The overall sensitivity for the quantitative method was
similar for men and women with >50% stenosis (88% versus
82%, respectively). Likewise, the sensitivity was similar for
both genders with single (85% versus 80%), double (91%
versus 88%) or triple (100% versus 100%) vessel coronary
artery disease.
Because of the possibility of post-test biases influencing
sensitivity and specificity, we separately analyzed patients
who had tomography either before or after coronary angiog-
raphy. The sensitivity was comparable in both groups (88%
versus 87%, respectively). The specificity was somewhat
lower in the 41 patients who had tomography before (81%)
than in the 34 patients who had tomography after (93%)
coronary angiography, but the difference was not significant,
possibly because of the small number of patients in both
groups. The positive, negative and overall predictive accu-
racies are shown in Table 4.
*p < 0.01 myocardial infarction vs. no myocardial infarction; tp < 0.05
~70% stenosis vs. >50% stenosis. Abbreviations as in Table I.
Sensitivity
>50% stenosis
Total
No myocardial infarction
Myocardial infarction
~70% stenosis
Total
No myocardial infarction
Myocardial infarction
Visual SPECT
87% (193/221)
78% (67186)
99% (73n4)*
95% (l62/17l)t
90% (56/62)t
100% (64/64)*
Quantitative SPECT
87% (192/221)
79% (68186)
99% (73n4)*
93% (l59/17I)t
87% (54/62)
100% (64/64)*
Table 3. Specificity of Thallium-201 Single Photon Emission
Computed Tomography for Detecting Patients With Coronary
Artery Disease
Visual SPECT Quantitative SPECT
Overall 76% (57n5) 87% (65n5)*
LAD 85% (64n5) 91% (68n5)
RCA 91% (68n5) 100% (75n5)
LCx 99% (74n5) %% (72/75)
*p = 0.09 quantitative vs. visual SPECT. LAD = left anterior descending
coronary artery; LCx = circumflex coronary artery; RCA = right coronary
artery; other abbreviations as in Table I.
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Table 4. Accuracy of Thallium-20l Single Photon Emission
Computed Tomography for Detecting Patients With Coronary
Artery Disease
Table 6. Angiographic Coronary Anatomy in Patients With
Normal Versus Abnormal Quantitative Single Photon Emission
Computed Tomography
Visual SPECT Quantitative SPECT
>50% stenosis
+ predictive accuracy 91% (193/211) 95% (1921202)
- predictive accuracy 67% (57/85) 69% (65194)
Overall accuracy 84% (250/296) 87% (257/296)
~70% stenosis
+ predictive accuracy 90% (1621180) 94% (159/169)
- predictive accuracy 85% (57/67) 84% (65m)
Overall accuracy 89% (219/247) 91% (224/246)
+ = positive; - = negative; other abbreviations as in Table I.
Table S. Sensitivity Related to the Extent of Coronary Artery
Disease in 221 Patients
Coronary involvement (patients)
Single vessel
Double vessel
Triple vessel
Stenosis severity (vessels)
Moderate
Severe
Stenosis location (vessels)
LAD (proximal)
LAD (mid-distal)
SVD and moderate stenosis
(patients)
Normal SPECT
(n = 29)
79% (23129)'
21% (6129)
0% (0/29)
66% (23/35)t
34% (12135)
8% (1/13)
92% (12/13)
48% (l4/29)t
Abnormal SPECT
(n = 192)
62% (119/192)
31% (601192)
7% (13/192)
28% (78/278)
72% (200/278)
34% (29/85):j:
66% (56/85)
13% (26/192)
The sensitivity for detecting coronary artery disease
depending on the extent of vessel involvement is shown in
Table 5. The visual and quantitative tomographic methods
correctly identified the presence of significant coronary
stenosis in the majority of patients. In the subgroups without
infarction, quantitative analysis identified 75%, 85% and
100% of patients with single, double and triple vessel dis-
ease, respectively. These differences did not achieve statis-
tical significance.
In an attempt to reconcile why quantitative tomography
failed to identify all angiographically significant coronary
artery stenosis, we compared the exercise, angiographic and
Extent of Coronary
Artery Disease
Single vessel
Total
No myocardial infarction
Double vessel
Total
No myocardial infarction
Triple vessel
Total
No myocardial infarction
Abbreviations as in Table I.
Visual SPECT
85% (120/142)
74% (45161)
91% (60/66)
85% (17120)
100% (13113)
100% (515)
Quantitative SPECr
84% (119/142)
75% (46161)
91% (60/66)
85% (17120)
100% (13113)
100% (515)
*p = 0.07 normal vs. abnormal SPECT; tp < 0.001 normal vs. abnormal
SPECT; :j:p = 0.05 abnormal vs. normal SPECT. n = number of patients;
SVD = single vessel disease; other abbreviations as in Table I.
medication information in those patients with normal (n =
29) and abnormal (n = 192) studies (Table 1). The only
difference in exercise results between the two groups was a
higher systolic blood pressure in patients with normal tomo-
grams. A similar percent of patients in both groups were
receiving some form of antianginal therapy (76% versus
75%, respectively) and did not differ as to the type or number
of agents prescribed. The patients with a normal tomogram,
however, had more single vessel disease, more moderate
vessel stenosis, but less proximal left anterior descending
coronary artery involvement than did their counterparts with
an abnormal scan (Table 6). Importantly, 91% (21 of 23) of
patients with single vessel and 67% (4 of 6) of those with
double vessel disease and a normal tomogram had coronary
stenoses that were of only moderate severity or in a mid-
distal location, or both.
Detection of coronary artery disease by combining single
photon tomography and electrocardiography. Although in-
frequent in this series (36%), patients with an abnormal
tomogram by both visual and quantitative analysis and
concomitant ischemic ECG changes were rarely free of
Table 7. Detection of the Severity of Individual Coronary Artery Stenosis
>50% Stenosis
Visual SPECT Quantitative SPECT
LAD RCA LCx LAD RCA LCx
Sensitivity 68% (67/98) 82% (112/137) 60% (47178) 81% (79198)' 75% (1031137) 77% (6Ons)*
Specificity 89% (126/142) 90% (1131147) 96% (l88/196):j: 92% (130/142) 99% (l45/147)§ 91% (1781196)
+ predictive value 81% (67/83) 89% (112/126) 85% (47/55) 87% (79/91) 98% (l031105)§ 77% (6Ons)
- predictive value 80% (125/157) 84% (133/158) 86% (188/219) 87% (130/149) 81% (1451179) 91% (178/196)
Overall accuracy 80% (193/240) 86% (245/284) 86% (235/274) 87% (109/240)' 87% (248/284) 87% (238/274)
*p < 0.05 quantitative vs. visual SPECT; :j:p < 0.05 visual vs. quantitative SPECT; tp < 0.06 quantitative vs. visual SPECT; §p < 0.01 quantitative vs. visual
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significant coronary artery disease (1%). Conversely, ofthe
221 patients with significant coronary artery disease, only 17
(8%) had both a normal tomogram and stress ECG.
Individual vessel detection (Tables 7and 8). Sensitivity for
detecting iridividual vessels with >50% and ~70% stenosis
by both visual and quantitative single photon tomography is
shown in Table 7. The sensitivity improved using the quan-
titative compared with the visual method in the left anterior
descending and circumflex coronary arteries with >50%
stenosis. Specificity was slightly higher for the right coro-
nary artery using quantitative analysis, and for the circum-
flex vessels using visual tomographic analysis. Repre-
sentative tomographic slices and their corresponding
quantitative statistical polar maps are shown for reference
(Fig. 1) in patients with significant single vessel coronary
artery involvement.
The sensitivity for detecting vessels with insignificant,
moderate and severe stenosis is shown in Table 8. Note the
expected stepwise improvement in sensitivity with increas-
ing severity of stenosis.
Identification of multivessel coronary disease (Table 9).
The detection of coronary artery disease in patients with
multivessel involvement was comparably high using the
visual and quantitative tomographic methods. This high
sensitivity was maintained even in patients without prior
infarction. Using quantitative tomography, 65% of patients
with >50% stenosis in at least two vessels had a pattern
suggestive of significant multivessel stenosis, characterized
by the existence ofperfusion defects in two or more vascular
territories. The subgroup without myocardial infarction
showed similar results. There was a trend (p = 0.08) toward
better prediction of multivessel disease in patients without
infarction using quantitative as compared with visual tomo-
graphic analysis, but this difference did not reach statistical
significance. With the quantitative method, 74% and 85% of
all vessels with >50% stenosis were detected in patients with
double and triple vessel disease, respectively. The 77%
overall detection rate of all significantly stenosed vessels in
patients with multivessel disease was similar to the 84%
detection rate observed with single vessel involvement.
Figure 2 displays representative polar maps of two patients
Table 7 (continued)
with significant multivessel coronary involvement.
Redistribution patterns in patient subsets. The tomo-
graphic images were visually analyzed to assess temporal
(4 h) changes in perfusion defects in all three vascular
territories for each patient. The 226 abnormal vascular
territories in the 221 patients with significant coronary ste-
nosis were scored as follows: 51 (23%) with complete, 76
(33%) with partial and 99 (44%) with no redistribution. In the
86 patients without previous infarction, 28 (40%) of the 70
abnormal vascular territories were interpreted as showing
complete redistribution, 27 (39%) as showing partial and
only 15 (21%) as showing no redistribution. The 74 patients
with infarction demonstrated complete redistribution in only
7 (8%) of the 92 abnormal vascular territories, with 26 (28%)
showing partial and 59 (64%) showing no redistribution. In
this regard, patients without infarction had significantly
more scintigraphic evidence of redistribution than did those
with infarction (79% versus 36%, respectively, p < 0.05).
Univariate and stepwise regression analysis (patients with-
out infarction) (Table 10). Univariate predictors of an abnor-
mal tomogram in patients without infarction included the
ECG ischemia score (F = 13.65, p =0.0004), the severity of
coronary stenosis (F = 10.27, p = 0.002) and male gender
(F = 5.03, p = 0.03). Stepwise regression showed the
ischemia score to be the most important predictor (F =
13.14, P = 0.00(5), followed closely by the severity of
stenosis (F = 11.3, p = 0.001) and lastly by male gender
(F = 4.%, p = 0.03). None of the other exercise variables
(Table 1) contributed toward predicting which patients
would have an abnormal tomogram.
Univariate predictors ofsignificant coronary stenosis are
shown in Table 10. Patients with coronary artery disease
more often were older men whose exercise performance was
significantly less than that achieved by the normal subjects.
Stepwise regression analysis showed quantitative single pho-
ton tomography to be the most powerful predictor of coro-
nary stenosis (F = 86.42). Patient age (F = 14.48), gender
(F = 9.42) and percent target heart rate achieved during
exercise (F = 6.07) marginally improved coronary artery
disease detection over that predicted by tomography alone.
The sensitivity and specificity of quantitative tomography
2:70% Stenosis
Visual SPECf Quantitative SPECT
LAD RCA Lex LAD RCA LCx
Sensitivity 84% (53/63) 91% (961106) 72% (31/43) 94% (59/63) 84% (89/106) 88% (38/43)t
Specificity 89% (126/142) 90% (133/147) 96% (l88/196)t 92% (130/142) 99% (145/147) 91% (178/196)
+ predictive value 77% (53/69) 87% (961110) 79% (31139) 83% (59171) 98% (89191)* 68% (38/56)
- predictive value 93% (126/136) 93% (133/143) 94% (188/200) 97% (1301134) 90% (145/162) 97% (178/183)
Overall accuracy 87% (179/205) 91% (229/253) 92% (219/239) 92% (189/205) 92% (234/253) 90% (216/239)
SPECT. Abbreviations as in Tables 1,3 and 6.
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were 79% and 87%, respectively. These values changed only
minimally when, respectively, the variables of age (74% and
93%), gender (76% and 91%) and percent target heart rate
(79% and 93%) were sequentially added to the regression
model.
Quantification of perfusion defect size. The perfusion de-
fect sizes observed in all patients are shown in Figure 3.
There was an increase in perfusion defect size with progres-
sive extent of coronary artery disease. The mean tomo-
graphic defect size for the 75 normal subjects was small
(2.1 ± 2.7%) and usually conformed to a scattered pattern.
The mean defect size observed in patients with single vessel
disease (18.6 ± 15.4%) was significantly greater than that
seen in the group with insignificant disease (4.3 ± 6.3%).
Likewise, patients with double vessel coronary artery dis-
ease had a significantly greater defect size (23.7 ± 16.1%)
than those with single vessel involvement. The difference
between double (23.7 ± 16.1%) and triple vessel disease
(28.3 ± 12.4%), however, was not statistically significant.
Intraobserver and interobserver variability was deter-
mined in a subgroup of 30 patients with perfusion defect
sizes ranging from 0 to 73%. The paired perfusion defect
sizes were 28.4 ± 19.1% versus 28.6 ± 18.5% (p = NS) when
measured by the same observer and 28.3 ± 18.0% versus
27.8 ± 17.9% (p = NS) when measured by two observers.
Likewise, the mean intra- and interobserver differences in
perfusion defect sizes were small (0.13 ± 3.8%, and 0.81 ±
45%, respectively). Linear regression analysis yielded cor-
relation coefficients of 0.98 (defect size) = 1.52 + 0.95 x
defect size2) and 0.97 (defect size) = 1.96 + 0.96 x defect
size2) for the intra- and interobserver comparisons, respec-
tively.
Discussion
In this study, we presented an in-depth prospective
analysis of a large group of consecutive patients referred for
exercise thallium-201 tomography. The method used for
quantitative tomographic analysis was based on a circumfer-
ential profile technique whereby the three-dimensional thal-
lium-201 uptake throughout the heart is displayed in a
two-dimensional statistical polar map. Through use of the
polar map display, the extent of myocardial perfusion de-
fects can be quantified during exercise.
Visual versus quantitative tomographic interpretation.
This study confirmed that thallium-201 single photon tomog-
raphy is a useful technique for detecting the presence of
significant coronary artery disease and localizing the site of
coronary stenosis. Although the visual and quantitative
methods were comparably sensitive for identifying coronary
artery disease, individual vessel detection was enhanced for
the left anterior descending and circumflex coronary arteries
using quantitative tomography. Although not directly com-
pared in this study, tomography has been shown to be
superior to planar imaging for localizing the site of coronary
stenosis (15,18). In a previous study (unpublished observa-
tions), we found a sensitivity of only 55%, 78% and 21% for
the left anterior descending, right and circumflex coronary
arteries, respectively, when planar images were analyzed
visually. A low sensitivity for identifying left anterior de-
scending, right and circumflex coronary artery stenosis using
planar imaging was also reported by Massie et al. (22) (78%,
73% and 45%, respectively) and Rigo et al. (23) (63%, 50%
and 21%, respectively). Improved individual vessel detec-
tion by tomography may be related to better target to
background contrast, which further resolves subtle changes
in myocardial radioactivity that might otherwise be over-
looked because of myocardial overlap in the planar images.
Patients with single, double and triple vessel disease were
detected with comparably high sensitivity using either visual
or quantitative methods. In fact, all patients with multivessel
disease and severe (::::70%) coronary stenosis were detected
by either analysis. Furthermore, quantitative tomography
correctly predicted the presence of multivessel disease in
most individuals with >50% and ::::70% coronary stenosis
(65% and 76%, respectively), thus providing a noninvasive
means for estimating the anatomic extent of coronary artery
involvement.
The sensitivity for overall detection of coronary artery
disease and of single, double and triple vessel involvement
was similar in men and women. Separate data banks for men
and women were not used in this study based on our
previous experience (24) showing no difference in detection
or quantification of perfusion defects when gender-specific
or mixed gender data banks were employed. This is in
contradistinction to other reports (18) and may be related to
data acquisition, differences between filters applied to the
raw data, the method of count normalization, the "normal"
group of patients selected for data bank entry or the statis-
tical correction applied to the raw polar map data. In our
method, scintigraphic data are collected with a high resolu-
tion, rather than a general purpose collimator, and processed
Figure 1 (opposite page). Selected tomographic slices (left) and
quantitative polar maps (right) in patients with single vessel disease
and stenosis of the (A) left anterior descending (LAD), (B) right
(RCA) and (C) circumflex (LCx) coronary arteries. The tomographic
slices (left) are displayed in the short (upper panel), horizontal long
(middle panel) and vertical long (lower panel) axes. Perfusion defects
in the individual slices (white arrows) are shown in the apical,
inferoapical, anterior (ANT), anteroseptal (SEPT) and anterolateral
(LAT) regions (A); inferoapical, inferior (INF) and posterior
(BASE) walls (B) and posterolateral wall (C). Comparable regions of
decreased perfusion are noted in the three corresponding polar maps
(right). Myocardial perfusion defect sizes were 52% (A), 19% (B)
and 10% (C). The large focal perfusion defect in the polar map in A
extends beyond the left anterior descending (LAD) vascular bound-
ary into the anterolateral wall, but does not involve the posterolat~
eral region. Red and black colors in the polar maps represent normal
and abnormal myocardial perfusion, respectively.
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*% luminal diameter stenosis; tp < 0.001 (moderate vs. insignificant;
severe vs. moderate). Abbreviations as in Table I.
Table 8. Detection of Individual Vessels Related to
Stenosis Severity*
using a Butterworth filter at a cutoff of 0.5 cycles/pixel. We
have found that high resolution collimation better identifies
myocardial perfusion defects, although sensi~ivity is criti-
cally dependent on the filter cutoffs applied to the raw data
(25). To improve count statistics, instead of plotting the pixel
with the highest count activity over each radian in the
short-axis tomographic slices (15,16,18), we plotted the
maximal average of any three consecutive pixels over each
radian. Our normalization procedure is similar to that de-
scribed by Garcia et al. (16), whereby each circumferential
profile is normalized to the maximal count activity found for
that profile. This differs from the method described by
DePasquale et al. (18), whereby each pixel is normalized to
the most normal region of the polar map, a procedure that
may explain their need for gender-specific data banks.
Detection of coronary artery disease in patients with and
without myocardial infarction. Patients with previous myo-
cardial infarction are likely to be detected by planar (17,26)
and especially by tomographic (17,27) scintigraphy. We
recently reported (24) that rest tomographic perfusion de-
fects were present during the acute phase of all initial
myocardial infarctions. Likewise, in the present study, in-
farctions were virtually always (99%) detected by both visual
and quantitative tomographic imaging. However, because
exercise scintigraphy is frequently utilized to uncover sus-
pected coronary artery stenosis in patients without infarc-
tion, we specifically analyzed our tomographic data for this
subgroup. The sensitivity of the quantitative technique was
acceptable in patients with >50% stenosis (79%) and espe-
cially good in those with 2:70% stenosis (87%). In patients
with multivessel involvement, the sensitivity of quantitative
tomography was 88% and 100% for those with >50% and
2:70% stenosis, respectively. Multivessel disease was cor-
rectly predicted in a high proportion (64%) of the study
group with more than one critically stenosed artery. These
results represent a clear advantage of tomography over
planar imaging and confirm the findings of other investiga-
tors (15,18).
Effects of exercise performance on coronary artery disease
detection. Traditionally, detection of myocardial ischemia
has been considered to be dependent on the level of exercise
achieved during treadmill testing. As anticipated, our normal
subjects exercised longer and to a higher heart rate and
rate-pressure product than did patients with coronary artery
Table 9. Detection of Multivessel Disease in 79 Patients
65% (5Im)
64% (16125)
92% (73m)
88% (22/25)
76% (25/33)
75% (618)
100% (33/33)
100% (818)
Quantitative SPECT
53% (42/79)
44% (11/25)
92% (73m)
88% (22/25)
70% (23/33)
63% (518)
96% (32/33)
100% (818)
Visual SPECT
Abbreviations as in Table I.
>50% stenosis
Detection
Total
No myocardial infarction
Prediction
Tolal
No myocardial infarction
~70% stenosis
Detection
Total
No myocardial infarction
Prediction
Total
No myocardial infarction
disease. Likewise, patients without infarction performed
better than those with infarction. However, when the 29
patients with significant coronary stenosis and a normal
quantitative tomographic study were compared with the 192
with an abnormal scan, mean exercise variables were mini-
mally different, with approximately 50% in each group
achieving 2:85% of their predicted maximal exercise heart
rate. The intensity of exercise, therefore, did not appear to
be an important variable for predicting which patients would
develop transient tomographic perfusion defects, although it
is conceivable that negative scans might have become ab-
normal if the exercise work load had been higher.
Relation between abnormal single photon tomography and
coronary anatomy. By stepwise regression analysis, the
angiographic severity of stenosis was important for the
development of scintigraphic perfusion defects. The patients
with a normal scan had more single vessel disease, more
moderate vessel stenosis, but less proximal left anterior
descending coronary artery involvement. In fact, almost
50% of the patients with a normal scan had both single vessel
disease and, at most, moderate stenosis in the involved
coronary artery compared with only 13% of those with an
abnormal scan.
Multiple factors are important in producing abnormal
coronary flow and include the absolute severity of stenosis,
stenosis length and anatomic location of the lesion in a given
coronary artery. Thus, functional and anatomic assessments
of coronary artery disease would not be expected to show a
high degree of concordance for normalcy or abnormalcy,
especially in vessels with moderate stenosis (28). Our overall
87% sensitivity for detecting significant coronary artery
disease may indeed be an underestimation because perfusion
abnormalities were predicted to develop based only on the
anatomic severity of stenosis estimated by coronary angiog-
raphy. Anatomic information, however, is imprecise in
assessing the presence of abnormal coronary flow. In fact,
20% (531265)
55% (56/101)t
88% (l86/212)t
Quantitative SPECTVisual SPECT
17% (44/265)
46% (46/l0I)t
85% (180/212)t
Degree of Stenosis
Insignificant (26% to 50%)
Moderate (51% to 69%)
Severe (~70%)
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A B
Figure 2. Quantitative polar maps of two patients with multivessel
coronary artery disease. A, Stenosis of the left anterior descending
(LAD) and right coronary arteries (RCA); B, stenosis of the right
and left circumflex (LCX) coronary arteries. Perfusion defect sizes
were 32% (A) and 31% (B).
However, despite a presumed post-test referral bias, our
specificity remained quite acceptable in the overall normal
group as well as within the individual coronary vascular
territories perfused by anatomically normal coronary arter-
ies. This was particularly true using quantitative rather than
visual analysis because the former is less affected by the
interpreters' experience and biases and, thus, more repro-
ducible.
Advantages of quantitative estimation of perfusion defect
size. The accurate measurement of perfusion defect size is
an added advantage to our quantitative technique, which
offers an estimate of the total myocardial ischemic burden
during exercise. Our quantification technique has been
previously validated in phantom (31) and animal (32)
Table 10. Univariate Predictors of Coronary Stenosis
ECG = electorcardiographic; other abbreviations as in Table I.
0.0001
0.0001
0.0001
0.0001
0.0002
0.0007
0.03
0.04
p Value
86.42
18.68
18.03
18.02
14.50
12.12
4.97
4.18
F Value
Quantitative SPECT
Exercise heart rate (beats/min)
Gender
ECG ischemia score
Age
%target heart rate
Exercise rate-pressure product (HR x SBP)
Exercise time (min)
an abnormal ejection fraction response to exercise by radio-
nuclide angiography (29) or transient perfusion defects with
exercise thallium-201 scintigraphy (30) better predicts car-
diac events than does coronary angiography.
Factors affecting specificity. Despite a high sensitivity for
detecting coronary artery disease, specificity was well main-
tained. Quantitative tomography tended to be more specific
(87%) when compared with the visual method (76%, p =
0.09). Most of the false positive scans in the normal group of
patients were in the distribution of the left anterior descend-
ing rather than of the right or circumflex coronary artery.
Whether this finding was related to photon attenuation in the
anterior wall in our female or male patients with a large chest
remains speculative. For individual vessels, the specificity
was >90% using quantitative tomography, with virtually no
false positive results in the right coronary artery distribution.
This differs from other studies (18) where inferior attenua-
tion has been shown to be greater in men than women, thus
leading to more false positive results. From our own visual
tomographic data, significantly more normal patients with
both anterior (64%) and inferior (86%) defects were men (p <
0.05). Most of the normal patients had no defects-or only
small scattered ones-whereas most of those with coronary
artery disease had a 2::3% perfusion defect. In only 10% of
the study group were the perfusion defects of intermediate
size (3% to 5%).
The high specificity noted in our study is at variance with
that shown by other investigators using quantitative planar
(14) or tomographic (18) techniques. Post-scan referral bias
has been said to be a possible explanation for low specificity.
In this study, specificity for the normal patients with tomog-
raphy before (n = 41) rather than after (n = 36) catheteriza-
tion also tended to be lower (81% versus 93%, respectively).
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Figure 3. Perfusion defect size on single photon emission computed
tomography as related to the extent of coronary artery disease in 360
patients. NL = normal subjects; ID = patients with insignificant
coronary stenosis; IVD, 2VD, 3VD = patients with single, double
and triple vessel coronary stenosis, respectively.
studies. Furthermore, we recently reported (24) that quan-
titative tomography can accurately estimate infarct size
in humans as assessed by comparison with enzymatic
estimates of infarct size. Intra- and interobserver variability
of our method for evaluating perfusion defect size was
shown to be minimal, thus allowing flexibility for technolo-
gist processing of daily tomographic studies without sac-
rificing accuracy. Preliminary data suggest that serial
changes in perfusion defect size may be used to assess the
effects of percutaneous transluminal coronary angioplasty
(33) as well as successful reperfusion during the acute stage
of myocardial infarction (34,35). Estimation of absolute
exercise perfusion defect size may also offer important
prognostic information and warrants further clinical investi-
gation.
Conclusions. Thallium-201 single photon emission com-
puted tomography offers improved detection of coronary
artery disease, localization of individual vessel stenosis,
prediction of multivessel involvement and quantification
of perfusion defect size with no sacrifice of specificity.
Quantitative tomography using a polar map display is a
simple, reproducible and accurate method for viewing the
three-dimensional perfusion of the heart and may find an
important role in assessing the effects of interventions seek-
ing to improve myocardial perfusion and in prognostically
stratifying patients on the basis of absolute perfusion defect
size.
We express our gratitude to John 1. Thornby, PhD for statistical advice and
computation, Maria E. Frias for expert secretarial assistance and the nuclear
cardiology technologists of The Methodist Hospital for invaluable technical
support.
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